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•iMUPMiKlKn« «lurln« th« coura« of thl» prrjcct.    Hany ni»inii»r» 

of Hi* tiMphyalc* Laboratory contrlbutad to th« data c<ill»citont 

raductlon, and analyaaa. 
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lHm»Mlli) 

^i-*»««!«« *•• 'vs.,i.,a^#w'* ü^HiMf» #» ^i«Mv «Mil IMNMIICW *** ham 

•M «....^«s,, w4««p> fifwfiiüatif IMI «iwiicMfi «im» l«Wo    f*il« f«MNir«i Urn 

Hi«* lm<&*>4 i^M^t^iivail •I*»*«»*, fi#l«l «MittrcmMi |if«tr«M9 ilifa Malf* 

*r»,   «««I  «9«r   I»-»!*«  4M«i t^MMlflMfllflll »t «P««l«l  «fMlpMMI   IO  It^lMWII 

Pal* «*»rk IM« MMI «KiMoriMl I« tlw pMt by eh* If« 9. Anqr iiffMl 

(°<*rp9i, Hi« ««rri*» of Naval RtiiMircfi, th« Air fore« CMbrl4R« ttMardi 

l<4tlH«r<iiMrlr9it th» Air Ptore« Taehnlcal AppllcailoM Ctntar, th* Air 

Vorce nrritf« of Seiendflc RMMrch and cha National Selanca Ptounda- 

il.»n,    Th« york rvporcad haraln covoro a four yaar tim parlod froa 

1 Junr lifit* elirrufth 31 Hay 1970 and vaa aupportad by cho Advancad 

Rencnrclt Project« Agencyt ARPA Ordar No. 292, Hmndmnf 32 and 37, 

.ind wrtM nonlcored by the Air Force Office of Scientific Reaaarch under 

Contract AF4t>(ft38)-1759, 

This report la written to fulfill contractual raquireaanta for a 

final report«    Previous technical reporta and adentific journal art!- 

clea have presented a large portion of the reaaarch aponaored by thla 

contract, and the data contained in theae reports and articlea will 

only be referred to in this report. 

Iv 
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mmmm 

4fUtm4 tut in« ««lünii* iiMfi^iiMi i«» »• #wt»*w'*»t*««(« viiiü«! «• m 

«UllyVlC«!   fiMI«tlMl «f  «MMfllMl «*  4 «fM«     *«('•  -#»»  fl««>ll««l Nt'  O-Wpn^ 

l»t M«I irawl Um» <•»» c«lciit«iiNi i« «w* ilt>«lftp«l sl^tf»-» mt *<»>**♦♦>»■ 

for clM mvätl «««Itr «Misl4cr«t lau.    UM* «MriNMi tarn im mm4 tm hHmm» 

■MMMIM Model«, mi loeloiM cowpmotiOB of «ailtipl» rof IOCIIOM. 
« 

Trowl tlNM hoot IWM obtalood for « nod»! of * oo«»-*«ri Ion m4mt* 

lylni USA.    In m supplmtat flWll-IVfi) to (his final rvpert llil« 

aünilacion wchod I« daacrlbod and llluatratad In datall.    Ihm »uyyla- 

Mcnt Is bsaad upon a doctoral dlaaarcadon on this nsthod hy f, I.. 

Jackson. 

In 19A7 the InvestIgst Ion of optical procassln« was taralnatod. 

Initiated in 1961, the investifiation was conducted to explore the 

spplication of coherent optical processinR to seisnlc analysis.    Its 

use was found to lie prinarily in oil exploration seisnoloRy.    The 

results of the optical investigation were presented in several Journsl 

articles during the period 1963-1968. 

A data processing capability specifically intended for the study 

of the S-wave particle variations across LASA was built on this con- 

tract.    The LASA data processor, which existed in this  laboratory for 

the optical analyses of LASA data was modified to interface with this 

laboratory's PDP-8 computer.    This would allow unlimited computing at 

no cost and imnedlate man-machine interaction.    An inhouse wiggly line 

output device was modified to print out the processed and unprocessed 

three-component data.    This capability was not used due to funding 

limitations. 

Mlcroselsmlc investigations in connection with JORUM indicated 

that the firing of a large yield underground shot did not produce any 
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f-w, ,-,,4,,«,   ,d   ii   4.    int   4,*   ä*4»# tA» -H»»^»«©    *»■***«<»   WtO^lNWfft* ** 

Viut-m-v  II«»  H*«!*»*- r|  tJ',.*1 «Hi »' *•■#• tMMMÜ I« ät**m%m I*» •*♦« 

«1%«« *m* iK*ftk #mt imp «M*NMPil*ifi M4 Ifitwil limp» «t ««MMiltf wmm 

i« iAM» tt,*♦!##» riKii»! «i«I««,   i)iü«ir»ii#«l tiiwiif» «wt« «Mit i« <•»• 

itpfwi«» iM *«4ii#rl«« #rfc«i« «f f I«M> »IMIIC wmm l»f «tirfMt In^ 

fit>rrv«ii<MK* Mdl i« •teitrmt«« IIMP i#«r«e« «f «rrmr I« the iln»-i«ni» 

wiiu«*«! in t«rr4C(lrin •»l*iwl«t»« 

^prrlr«! «lifell«* wvr« «MJ» »f wadtergfUMii K«elMr «Mwa «Mi 

«4riiiu|Uiil(»* r«>r««ril#«l «i i«l«Ml«iile( rvRlMial «Ml atar tfl«iMCM« 

.Vi .id«llti(«ft^l «tutiy WM «Milt off lit« ehdraeccristlcs off «OIMIC kack* 

ürmunil nolM» record»«! on tho ftottä« of t<ako Superior* 

vi 
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Hiiii iinii» iiiinraBiifiiMiiiBiniMiMMii 

4mmmmm 

*Mmim$& *m*-im * ■i****:*****' #>»H»» ii:4«< « -«I-H^ -um  mumm  *¥ ■*W' 

^Mic)   411» TBwgfwHt «ito mmpinTcni ^» 4m iwww» tMawwi'i11«! ^wWB«»i*e 

Hpn't j  *# .«Hü' .^WH 4 o!)««« fi» Jhm ^ > #M4^ »f^N.« -"; lM<mwfllin»  «> : 

flü ■   :«*N»   *WW<F  Hlff1 ^IH«!«    «•«■•••, •:*»   *«W (ffW^pi'llil*        ■»ip'twp 

f 

^fiw ,€P^^ ■#^P' PHIWBI^^W i^1 ■*^' ■ w^^w'1 ^IP '^^ sffi^ ^^^»» f^^^^^f^- 

mm *• ««KH» %i» iMifi «" «wwniu «MMü -W«*^. ^H» mmtm^ * *»•*#» 

#«» %»* UM» «Mi ■w —mwi »niiiii ***• «M» **W»«.^P**1 UNI 



ftf/JW 9mm ^MtWHft* 

n»44ri^'H»0  *♦* •4§»^«'+)* ivt* ♦ 4fN«>'#i«.««i  mv # t|«ll C«ll^« «M «i 

n« 4«4 HMf H*-  iU'!>.rfi)i».(j g# <Aai«g$ «.-s** i4»*i»<* .iwwiimrii»» iif«^ff«M» 

a+,   * ^^y.-lg-««t«,ms   |^ I^I«  ««^«H   «KF«»«« a     SiMNplflVff #i«l|««i •«*'♦ •»# 

«*OMP>#«-  *«I|»»#«H«|  uunlbS*   H«  M i)«l»l i*'«i<R|l lilt IM« üKpjttiüWM« 

.,«,^1   »g  1«* ^ MVI *«f»««   rv^»H #|  «flpgfltni IHw «VlMwf  M dlff«li  I« « 

«twwlM,«   §»411«^ v«* iu*mtß  twrnx^ml  •a*»*.     If «Mi ll«ll««pi MuM  II 

v..n,a^  >*   «(-'*;*  iw*»f)«S  Iw «p«l(iM «Ml ipvufiPil « JKpxwf la   IMHI Mil It« 

«#8«flt<«g#wl**«i »'#•.»■'»-<*♦ 8*»»! ««Nld mm, I*MW !• k«ll ll« ifWl^pMM  l# 

i^«»^>w#.H«' 8-s^.*« s*,#i* « «viwtrli«' «ll.«lHkiMlM I« « pifti<4«il«f fml«« 

*,.*-,   IMv   t^«f»«>«    ^P««>8«I»HIMII|   #|   lA« «irtliMNl  iMlMiMI IN»  lACfMAl«« 

* if»*8s«iii*4«r" i«*»*ig#,*ii*« «>•* f^rtmrwii wlili « «wiil mi UiA 

«« fi*<*m4 m *t**m*i»>t4 -mi mm*fi fl«»**.    limit m4mt «f « «Nit 

«t««««»«#^f s«.** it ■Mttot-HH.*^ ü^tji ww mmi «flii l«cliMii pl^nt ww» In Iht 

<y.*tm*'* %h*i   i* geiiwir«!*«! I* flcitff«*  I «M 4 «f tifirt ft»« iOII*ll>f|« 

^*WTI.II*■«ig•**■ t»*«, r.KfU.i 41 «lAici «mnmpmiim* la i»lt«t »f |0*a 19*, 

**•*, i'*t «M w.% *vt* i«tiii«i»4v    /*«• Mi« mrntm» irawl ill*«« 4lf- 

fi«r«>«i««o« in ü rv^ina .*•» km im #iiti#r «liv «f «It» Ml, (I* Mlmtimn, 

v^iuf* 1**t *U'/4* »«rip fitiMMi 

Mil 
in ».M 
1^» 7.51 
1? A. «2 
i,s «.62 
M. #•.22 

jaMMiiitialOtlrl-riftL-''-"-^^''''•"'■■•-•l'-'-A*-'''^^^ 
,.■ ..  -■■. Irtfaa ■ 



H** it ^mnrnvM* »M ««• >M*,,»♦ 

I«!!!«! ii«» «t |M» iffnipitifiiii 9m *"f •»* »»«♦»►'#*11** in» -* tf«M inrlilMi 

.«Ktl# «t #1.«^ «MPV i» IMü ♦ *mime i.♦«••% fW «K^üI»! ««HII WM l.l 

*•#*♦ f*it «wft ray ftnnpi««!« Inflwilftii trim ««« •* Icieül«« i»f •«■»f 

mmv «f f«f, irnwil ll«iv «Ml tppfrtmaw f»l«il«« «flliiMl». 

?.l.   «imrM «MMLVStf ff«Mt|ir«tt,« 

A Hnwngti iMnmliMtlM «f tftlc«! ffWtMliki for MIMIC «iai« 

*« ca»cii«M la Ifil.   Wil« la«*atltMla« mm laitlaiai la IMI «aatr 

Mm* caairatl AT i«t*l«|«l«lt, mi raailaatrf aaAir AlWit OMtracc 

AI««IA1l|.||M.   Ikla la«Milaailaa aai lit flrai la mif tdtnrmt 

«pileal pruaaalag ta talanica«   It ■tlaalaiad mmf etfwr III«MIIgatioat 

afcldi ftaaliatf la t%a apfllcailan af optical pracaaalag ta all asplora- 

llaa «alanalacr« *MI tka «arfcatlag af caaatrclal lastnawat« for ouch 

pracaaalat«   Moaaaor» Ha ^pllcatloo to VILA IBIRMN probloao wan not 

rafflcloatly wafol ta eaatlaoo tfeo lovaotlgatlaa.   Optical procoooloi« 

woo oatft laao oftractlvo bjr tka otfvoat af tko foot Fourier trantfora 

profraao far tko digital coaputor. 

Al tho lacoptloo of tkio cootroct la l%6 It woo plonnod to opply 

lioth ooHonutt ood aao-cohoroat optical procooolaa to Nontono IJSA doto« 

A data coovortor woo coaotructod to noloct doto chonoolo fro« LASA 

digital tapoo for rocordlag oa vorloblo-don^tty filno.    This converter 

woo coaotructod and fllac wort aodo.   Howoutr, tho declolon by tho 

Sponsor to croato tho Soioalc Anolytln Crator aodo tho optical approach 

ohooloto In tho opinion of tho principal Invoatlgator and the- Sponsor. 

Tho Inucstliatlon woo thoroforo toralnatod.   Tho LASA data convortor 

ho« been uaod oubsoquontly to soloct and ro-rocord I ASA data for other 

Inveotlgatlona within the Goophyslca Laboratory. 

^ttaB+ttum J_LIIII |min—'■■'" - tei fi/vttfiv&aiiHäuimami 



TltUU* Kmn <d*UuU*fUiL 
\\s\t%\ II IN MIIN«I   «Mt IMIINOMN.V 
• Ml i \I»IN«II\ IN MHIIII.W 

,•. »,     •%•■•!    ril II l{|\««—;:-WAVi: STI'HIKS 

■'.jiins; IM»' •'oiiir.ict piTioil w»»rk II.IN proKreaM«d toward an under- 

«t~ui>liiu; .•!  <-V.IVI* partiiU* notion variationii across LASA.    Due to 

iinitf.i fun.I»*  it MA» dfi'idtf«! to do the necessary signal analysis on 

I»«,- I's^-vn  .It^it.il conftuter that  is  in our laboratory and available 

ai  .ill  ciPtr«* .it no cent.    Although this computer is much smaller than 

Hie HIM 1M1/(«7 .ivaiLiMe on campus it offers the additional advantage 

'••(IHM  than no »MHI > of innediate man-machine interaction even when 

5"«i« data 1* «Mt tape. 

Thf input for the IW-H/l is the LASA data processor and it had 

10 he interfaced with the IMJP-H/I, Tills work has proceeded well and 

i# deiicrihed below. 

An interface was designed and constructed between the LASA data 

converter and the PDP-H/I digital computer.    Via this interface, under 

computer program control, LASA digital data can be stored in the PDP- 

H/I  nemory  for digital processing.    The LASA data converter assembles 

the digital seismometer samples from the bytes on magnetic tape and, 

at  tin« proper time, the computer accepts that sample.    Since the 

IMH'-M/l   IN a 12-bit word length machine, a switch setting selects the 

12 most significant bits, the 12 least significant bits or the "middle" 

12 hit»« of the 14-bit LASA word. 

Mata from either LASA high rate or low rate tapes may be stored 

via the interface.    A maximum of SO words, in either format, may be 

selected on  the I.ASA data converter and those words, taken In increas- 

In»; numerical  ord^r In each record, will be stored in sequential ad- 

dresses  in the PI)P-8/I memory.    The number of samples to be stored 

may he controlled either by the computer program or by the number of 

records the LASA data converter reads, whichever method Is appropriate. 

Available computer memory space governs the total number of LASA sam- 

plos  that may be stored. 

iLiLM^tortlil1lll|l ■■ üüaü-- j fti^i - *-^-^-^^^^ "-"■- ^ — 
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To check the  total system LASA data tapes were required.     Since 

great delays were encountered in receiving these tapes as has been 

discussed,  a request was made directly to M.  Nafi Toksoz of Planetary 

Sciences Department at M.I.T.,  to get  a composite  tape and  the S waves 

used by John W,  Fairborn  (1969)  in  recent paper.     This data was  re- 

ceived promptly and the total LASA data processor/PDP-8/1 system is 

now ready. 

No output  device displaying wiggly-lines was  available  for  the 

PDP-8/I.    Again due to limited funds none could be purchased on  this 

contract, therefore,  inhouse funds are providing a three-channel ana- 

log output capability for the system. 

Despite the fact that this data processing system is now ready 

for use at no cost, work was terminated due to depleted contract funds. 

Additional funding would be required to complete the anticipated work. 

Since we are only now ready to begin the actual S-wave analysis and 

since the necessary computing can now be done at no cost it is sin- 

cerely hoped that additional funding can be obtained. 

2.4.     SPECIAL STUDIES 

2.4.1. MICROEARTHQUAKE INVESTIGATIONS.     The Geophysics  Laboratory 

operated a tripartite net of three-component short-period seismograph 

stations for a period of two weeks before the JORUM underground nuclear 

shot and for three weeks after to study the microseismic activity in 

a tectonically active area northeast of the shot.    The results of this 

study are contained in a paper entitled,  "Mlcroearthquake Studies in 

Connection with the JORUM Underground Nuclear Detonation," by D.  E. 

Willis  that has been submitted to the Bulletin of the Selsmological 

Society of America for publication. 

2.4.2. DECOUPLING EXPERIMENT.     Five short-period seismograph sta- 

tions were operated at  the Nevada Test Site to  record DIAMOND DUST,  a 

MUM MltoiMiiiiir^i-tiiirii     -'-'• - MM vgunnmnk ^^^■^■■^^^^ 
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low  yield nuclear device  that  was  detonated in  a spherical cavity  to 

determine  the  feasibility  of using  thermomechanical  techniques  for 

decoupling seismic energy.     Excellent  results were obtained from this 

experiment.     A technical  report describing  these  results will be 

published as  a supplement   to  this  report  (8071-33-F3/3620-1-T)   that 

will present  the   results of  this  test. 

2. A. 3.     CONFIGURATION OF THE  SURFACE OF THE EARTH'S  CORE FROM 

PcP TRAVEL TIMES.     A comprehensive study  (doctoral thesis—C.  Bufe) 

was made using PcP and P travel times  to ascertain the configuration 

of  the surface of the earth's  core.    Nuclear and high explosive 

sources were used in this study.    Travel-time residuals from the 

Taggart-Engdahl  (1968)   tables were determined for PcP-P time intervals 

and for PcP  travel  times,  corrected for station and source terms. 

Corrections were also made  for elevation of source and station and 

for elliptlcity, excluding the core elliptlcity term. 

The distribution of the data would not allow the application of 

conventional spherical harmonic analysis techniques on the inferred 

variation of the core radius.    Hence a modified spherical harmonic 

analysis method was devised to smooth the data and to estimate the 

shape of the core.    The variation of the core radius was determined 

to be ±10 km using this technique. 

This investigation is described In detail In a supplement (8071- 

33-F2) to this final report. The supplement is based upon a doctoral 

dissertation by C.   G.   Bufe. 

2.4.4.    OTHER STUDIES.     A number of other studies were conducted 

during the course of this contract.    These have been reported in 

journal articles, University of Michigan technical reports and at 

scientific meetings.    These reports  are listed below and abstracts are 

^..».-.i.- tau -i.iSL-v.-j;„jiA.-^.- v.,-.-- j^ij^^ia^iiiyjgaii^jjtiaiBaaMaiiii^^ ■•»- ■•-■ 
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reproduced In Appendices I-III: 

"A Long Range Reversed Seismic Refraction Profile 
in the Eastern U, S." by D. E. Willis and J. T. Wilson. 

"Seismic Radiation from SHOAL" by C. G. Bufe and 
D. E. Willis. 

"Seismic Noise on the Bottom of Lake Superior" 
by D. E, Willis. 

"An Investigation of Seismic Wave Propagation in 
the Eastern U. S." by D. E. Willis. 

"Scattering of Plane Elastic Waves by Surface 
Imperfections" by I. K. Mclvor. 

"High Frequency Teleseismic Energy From Aleutian 
Sources" by C. G. Bufe and D. E. Willis. 

"An Investigation Into the Time-Term Method in 
Refraction Seismology" by Leon Reiter. 

"A Note on Short-Period Seismic Spectral Ratios" 
by C. G. Bufe and D. E. Willis. 

"Near Earthquake Spectra" by C. G. Bufe and 
D. E. Willis. 

"A Note on the Anna, Ohio Earthquake of July 26, 
1968" by D. E. Willis and James T. Wilson. 

3 
CONCLUSIONS AND RECOMMENDATIONS 

3.1.  DIGITAL RAY TRACING 

A versatile tool has been developed for the scientific investiga- 

tion of velocity distributions in the earth. Any conceivable velocity 

distribution can be modeled, and by simulation the travel times can 

be compared with actual travel times to determine the validity of the 

model. The simulation applies wherever geometrical ray approximations 

are useful. 

aiaatkiiLii^iifaj^^a^  v,..^..^ .    ^.H^V..  
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It is rt'commended that 

1. The programs be made as usable as possible for other 

invest!Raters and funds for providing cards, programming help, and 

dissemination to other investigators be provided. 

2. An extensive investigation of models of the underlying 

structure of LASA and other pertinent regions be initiated. 

3. The method be extended to include mode conversion and 

/'.oeppritz's equations. 

h.    Travel times and positions are known, therefore the 

basic information for computing diff  "ive effects is available, and 

should be investigated, 

3.2. OPTICAL ANALYSIS TECHNIQUES 

This investigation has been terminated. 

It Is recommended that no further effort be made in this direction. 

Subsequent to the investigation reported here, there have been many 

investigations of optical analysis, primarily by the oil exploration 

companies.  Duplicating these efforts would be redundant. One exten- 

sion of this technique is holographic seismology, which has been in- 

vestigated In three laboratories for approximately five years. Results 

will be disseminated if holography is useful for seismics. In the 

opinion of the principal investigator there Is little hope that holo- 

graphy will be useful, except possibly heuristically in giving new in- 

sights which might result in new digital computation techniques, 

3.3. MODE  FILTERING S-WAVE STUDIES 

Although several array studies (Falrbom, 1969; Whltcomb, 1969) of 

S waves have been made it appears that no work has been published con- 

cerning explosion generated SH waves propagating across LASA. Work 

currently being done by Turpening and Pomeroy shows that Indeed earth- 

dift 
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quake/explosion discrimination can be performed with SH wave magnitudes. 

This work is being done with WWSSS and the Canadian network.  Such 

discrimination should be attempted with long period LASA data. 

However, the SH wave work being done now by Turpening and Pomeroy 

is restricted to large explosions (Benham, Faultless, Boxcar, and 

Greeley) and comparable sized earthquakes. The problem lies with the 

explosions.  Since they generate relatively little SH wave radiation 

it is very difficult to find stations situated at distances large 

enough to separate the "weak" SH waves from the surface wave train 

yet operating at magnifications large enough to provide reasonable 

measurements. Because of this problem the work of Turpening and 

Pomeroy cannot be applied to smaller magnitude explosions. 

Therefore, it is recotnnended that 

1. Long period LASA data be used to study the discrimination 

capabilities of SH wave magnitude vs. P wave magnitude diagrams. 

2. Using the contputer/LASA playback system developed at 

the Geophysics Laboratory, investigate array and/or three-component 

signal processing techniques to enhance weak SH arrivals from small 

explosions.  Such a study should make use of not only LASA data but 

also NOSAR and ALPA data.  ALPA in fact lies at a good distance from 

NTS such that the SH arrivals would be separated from the surface wave 

trains. 

3.A.  SPECIAL STUDIES 

3.4.1. MICROEARTHQUAKE INVESTIGATIONS.  The local seismic activity 

in three active fault areas some 60 to 100 km from the JORUM event 

showed no significant difference before or after the event, thus de- 

monstrating that the shot did not generate any earthquakes in the area 

of these temporary stations. High record gains were used and the sta- 

tions were operated continuously so no significant events should have 

gone undetected. 
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Locally vfry small events were detected at all stations that 

had spectral peaks as high as 80 Hz.  The Groom Lake station had 

the highest number of these events.  At this site the occurrence 

of these events showed a strong diurnal effect. 

3.4.2. 1)1'COUPLING EXPERIMENT. The seismic measurements of 

DIAMOND DUST indicated that considerable decoupling was achieved. 

The absolute efficiency of the decoupling, however, cannot be de- 

termined with any confidence without additional tests. The five 

stations used to record this event should be reoccupled for any 

additional shots in this area. The ideal case would be to fire a 

tamped nuclear shot of the same yield.  This would allow highly 

accurate decoupling measurements. 

Smaller yield tamped HE shots and a nuclear shot of the same 

yield fired in the same sized cavity without the heat sink would 

provide very useful data for computing the efficiency of the DIAMOND 

DUST experiment. 

Current studies are being made of data obtained from the 

U.S.C. & G. S. on the HUDSON MOON and DIESEL TRAIN shots. While 

these are larger events, they were recorded at comparable distances 

to our DIAMOND DUST recording stations and the event was fired in 

tuff. Hence the data will be useful for scaling purposes and perhaps 

a better estimate can be made on the decoupling efficiency. 

3.4.3. OTHER STUDIES. The conclusions on the other studies may 

be found in the published reports referenced in Appendix I-III. 

EQUIPMENT PURCHASES AND DEVELOPMENT 

Listed below are all of the capital items of equipment purchased 

under this contract. 

10 
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1  Sprengnether Recorder (Purchased AugUHt 1%9) 

Equipment developed under this contract include the followlns: 

Intermediate-depth well seismic monitorinK system 

LASA data converter 

Optical data analyzer 

Transistorized seismic preamplifiers 

DC Line amplifiers 

Polyfilters. 

The initial design on the above equipment was done under sponsor- 

ship of previous AFOSR contracts but further developments, improvements 

and some construction was accomplished under this contract. 

11 
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I.eon Reiter, "An Investigation Into the Time Term Method In Refraction 
Seismology," Ikil 1. Seism. Soc. Am.. Vol. 60, No. 1, pp. 1-13, February 
1071). 

The time term method of seismic refraction data anslysls 
allows an areal arrangement of shot points and stations and 
yields directly a three-dimensional representation of under- 
lying structure. This method was investigated analytically 
and through numerical experiments to determine implicit 
sources of error and to provide guidelines for its proper 
use.  Error terms for computed refractor depths were derived 
for two site arrays over two structures, a simply dipping 
refractor surface and a symmetric anticlinal refractor sur- 
face. These error terms proved to be qualitatively reliable 
guides to the performance of the time term method using 
models of mu-Iti site arrays over planar and biplanar refrac- 
tor structures. Neither continuity of time terms nor use of 
a known refractor velocity in the computations offered a 
guarantee of a more accurate refractor reconstruction. In 
the two models tested a refractor velocity greater than the 
true velocity yielded the best reconstruction. Sensitivity 
to angle of dip indicated preferred orientation of shot- 
station lines along gentle apparent dips when the underlying 
structure is known and their orientation along several azi- 
muths when the structure is unknown so as to mute the effect 
of high dip angles. If the structure has refractor surfaces 
dipping more than a few degrees, the time tern method will 
give inaccurate results unless previous knowledge of Che re- 
fractor configuration permits model studies to determine 
error terms and arrangement of shots and stations. Unfor- 
tunately such knowledge is usually the goal of a seismic 
experiment. 

C. c;. Kufe and D. E. Willis, "A Note on Short Period Seismic Spectral 
Ratios," Karthquake Notes. Vol. 40, No. 1, March 1969. 

An inverse square frequency dependence of the amplitude 
ratio of P waves from events differing in yield by several 
orders of magnitude Is shown to exist over several octaves 
in frequency. The behavior of the spectral ratio of parti- 
cle velocities for the 12.5 kiloton SHOAL nuclear exploaion 
and 2.5 ton USGS Delta, Utah shot is used to estimate the 
radius of "equivalent radiator" at SHOAL. 
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P. L, Jackson, "Seismic Ray Simulation for Spherical Earth," Bull. Seism. 
Soc. Am. . Vol. 60, No. 3, pp. 1021-1025, June 1970. 

This letter describes a method of ray simulation to relate 
velocity distribution to travel times in spherical earth which 
also is based upon Snell's law of refraction with the addition 
of the law of reflection.  Given a velocity distribution, tra- 
vel times for all exclusively P or S phases of body waves can 
be generated and a predetermined number of multiple reflections 
Included. No restrictions exist upon the positive or negative 
values of dv/dr or upon discontinuities in the velocity dis- 
tribution. Tables, mathematical functions, or combinations of 
both are used to refer to the velocity distribution. Mathe- 
matical functions can be used within depth ranges where it is 
convenient to represent the distribution mathematically; tables 
in depth ranges with abrupt or anomalous distributions, or 
where one desires to alter specific velocity values when re- 
peating the tracing of a ray. 

D. E. Willis and J. T. Wilson, "A Note on the Anna, Ohio Earthquake of 
July 26, 1968," submitted for publication to Earthquake Notes. July 1970. 

A small earthquake located near Anna, Ohio was recorded 
on the University of Michigan's special well system on July 
26, 1968. The body wave magnitude was determined to be 3.0 
with a modified Mercalli intensity of at least III. Spectral 
analyses showed Chat most of the seismic energy was contained 
in a band from 3 to 10 Hz. 
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Appendix II 

CIIKONDLOCICAI. ANNOTATED HIBLIOGRAPHY OF TECHNICAL REPORTS 
SPONSORED bY AFA9(638)-1759 

David H.  Willis  and Philip L.  Jackson, Collection and Analysis of Seismic 
Wave  Propagation  Data  (Annual  Report),  Rept.  No.  8071-6-P, Willow Run 
Laboratories of  the  Institute of Science and Technology,  Geophysics 
Laboratory,  The  University of Michigan,  Ann Arbor, August 1967. 

This  report summarizes one year of theoretical and applied 
research on propagation of seismic waves and techniques for 
analyzing data.     The main objectives were to determine the fre- 
quency and energy of seismic signatures, and investigate atten- 
uation, patterns of azimuthal radiation from source regions, 
and methods of determining the type of motion at the source. 
Natural and artificial sources were studied to develop diagnos- 
tic aids for distinguishing between earthquakes and underground 
nuclear detonations.    Equipment for selection,  reformatting, 
and digital-to-analog conversion for digitally recorded LASA 
data was constructed and is being checked out.    Several 
approaches for using the parallel computational capabilities of 
optics for LASA data were developed.    A study of background 
noise and reciprocity for teleseismic events as recorded on the 
bottom of a large fresh water lake has commenced with the em- 
placement of three-component seismometers in Lake Superior. 
Array data have been used for crustal studies on the Eastern 
United States.    Digital mode filtering was investigated.    A 
perturbation theory for seismic sources was developed. 

David E, Willis, An Investigation of Seismic Wave Proosastion in the 
Eastern United States. Rept. No.  8071-16-T, Willow Run Laboratories 
of the Institute of Science and Technology, Geophysics Laboratory, 
The University of Michigan, Ann Arbor, July 1968. 

This paper describes the travel-time anomalies and atten- 
uation losses of seismic compressional waves generated by a 
series of underwater explosions in the Eastern United States. 
The efficient tamping of the shots fired In water provided a 
seismic source that could be detected at much larger ranges 
than could he accomplished by equivalent sized shots fired 
underground. 

A number of mobile field recording stations equipped with 
three-component matched short period selsacmeters and magnetic 
tape recorders were used to record 273 Individual shots.    A 
tot.il of 1,29S recordings were obtained along a reverted pro- 
file extending from International Palls, Minnesota to the 
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Atlantic Coast.     The underwater shots were  fired in Lake 
Superior and  the Atlantic Ocean,     Precise  travel  times were 
obtained by recording radio  time signals  at all of the re- 
cording stations. 

An analysis of the  travel-times of the seismic waves 
disclosed that the earth's  crust varies in  thickness  from 
28.1 km near the Atlantic  Coast  in North  Carolina to 50.A 
km near the Keweenaw Peninsula in upper Michigan.     The  crust 
in North  Carolina was  found to be comprised of a single  lay- 
er with  a compressional wave velocity of  6.0 km/sec.     A two- 
layer crust with compressional wave velocities of 6.2 and 
7.7 km/sec was disclosed in upper Michigan.    Travel time re- 
siduals across  the Appalachian Mts would indicate a mountain 
root system similar to that  found under  the Rocky Mts. 

The Lake Superior area was  found to be more efficient in 
the coupling of energy into seismic waves by the underwater 
shots  than in the Atlantic Ocean.    This is believed due 
mainly to the bubble pulse phenomenon and the reinforcement 
caused by reverberation of sound waves between the lake 
bottom and the water's surface. 

A new technique of displaying seismic attenuation data In 
three dimensional space was developed that permits presen- 
tation of large quantities of data in a concise manner, hence 
aiding in the interpretation of the data.    Consistent anoma- 
lies in the spectrum of the seismic waves were f und that 
could be correlated with various parameters in tne source 
region and with propagation effects. 

The detailed spectral studies that were made as a function 
of distance from the source disclosed that the attenuation of 
the seismic waves could be expressed by the equation 

.       . v-n -afX A - A X    e o 
where A ■ amplitude, X - distance, n ■ geometrical spreading 
factor, a ■ absorption coefficient and f ■ frequency. The 
crustal attenuation data in the Lake Superior area were found 
to have a value of n ■ 1.5 and a - 2-3 x 10-3, Upper mantle 
compressional wave attenuation data gave a value of n ■ 1 and 
a - 2 x 10-A. 

David E. Willis and Philip L. Jackson, Collection and Analysis of Seismic 
Way« ProPSMtlon Dsts (Annual Report), Kept. No. 8071-15-P, Willow Run 
Laboratories of Che Institute of Science and Technology, Geophysics 
Laboratory, The University of Michigan, Ann Arbor, September 1968. 

This report discusses the results of an extensive long- 
range reversed refraction profile which traverses the Michigan 
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Basin and the Appalachian Mountains.  Particular emphasis 
is placed on the attenuation of first compresslonal wave 
arrivals and on crustal-upper mantle structure.  Also In- 
cluded are results of a survey on lake bottom seismic back- 
ground noise in Lake Superior.  Although large signal levels 
were obtained in the lake bottom, long periods of high back- 
ground noise indicated that land based seismographs are 
superior.  Theoretical studies in elastic wave scattering 
were made to evaluate the effect of nonhomogenelties on the 
propagation of elastic waves.  Theoretical development of 
mode filtering, (previously demonstrated empirically), Is 
nearly completed.  A LASA digital data converter was de- 
signed, constructed, and put into operation.  Two- and three- 
dimensional seismic ray-tracing techniques using digital 
modeling were developed.  These techniques enable Che seis- 
mologist to determine the effects of lateral inhomogeneltles 
and irregularities in velocity interface on travel time and 
attenuation of seismic waves. 

Philip L. Jackson, Roger M. Turpenlng, and David E. Willis, Collection 
and Analysis of Seismic Wave Propagation Data (Annual Report), Rept. 
No. 8071-25-P, Willow Run Laboratories of the Institute of Science and 
Technology, Geophysics Laboratory, The University of Michigan, Ann 
Arbor, July 1969. 

The work performed under this contract during the past year 
included mode filtering, S-wave studies; seismic ray tracing; 
theoretical studies in elastic-wave scattering; seismic wave 
propagation near the core-mantle boundary; time term, travel time, 
spectral, and attenuation studies; and field measurements pri- 
marily with an intermediate-depth well seismograph station. 
Seven Journal articles were either published or submitted for 
publication during this period. Continuation of this contract 
will be concerned with S-wave studies for difference in arrival 
times caused by layering at the recording location, simulation 
by ray tracing to investigate the velocity structure underlying 
LASA, and a field measurement program of continuous recordings 
in Nevada, 

David E, Willis, Philip L. Jackson, and Roger M. Turpenlng, Collection 
and Analysis of Seismic Wave Propagation Data (Seml-Annual Report), 
Rept. No. 8071-30-1,, Willow Run Laboratories of the Institute of Science 
and Technology, Geophysics Laboratory, The University of Michigan, Ann 
Arbor, January 1970, 

18 

ii--r-- ^ " '• • „au " ■ ■ ■■ u ■ i ii i ^"■-"■tii- '■"—- 



TOUUut T£u4t AafauLtvUc*. 
iNMin 11 OH senNCI AND rmiNoiociV 
llll  IMVI KMI >' Ol  Ml( IIK.AN 

The  scope of this  contract  includes S-wave mode  filtering, 
seismic ray  tracing,  and microearthquake investigations.     After 
much delay pertinent  LASA tapes have been obtained;  the LASA 
data processor has been interfaced with the PDP-8/I computer 
located in the Geophysics Laboratory to perform the S-wave 
mode filtering. 

Highly accurate seismic ray simulation  through two-dimen- 
sional heterogeneous velocity  distributions has been achieved, 
and the extension to three dimensions with selective regions 
for sampled or mathematically represented data is being pro- 
grammed.    Preliminary analysis of seismograms  recorded before 
and after the JORUM underground nuclear explosion indicate that 
there was no significant difference in the occurrence of local 
microearthquakes before and after this explosion. 

Charles G.  Bufe, An Estimate of the Configuration of the Surface of the 
Earth's Core from the Consideration of Surface Focus PcP Travel Times. 
(PhD Dissertation)  and (Supplement to  8071 Final Report),  Rept.  No. 
8071-33-F2, Willow Run Laboratories of the Institute of Science and 
Technology, Geophysics Laboratory, The University of Michigan, Ann Arbor, 
July 1970. 

Travel times of PcP and P phases from nuclear and high 
explosive sources are interpreted in terms of variations in 
the radius of the earth's outer core.    Travel-time residuals 
from the Taggart-Engdahl (1968)  tables are determined for the 
PcP-P time Interval and for PcP travel times,  corrected for 
station and source terms.    The travel times are also corrected 
for elevation of source and station and ellipticity, excluding 
the core ellipticity term.    This interpretation favors a core 
which is slightly larger than that of the reference model of 
Taggart and Engdahl (1968)  and which has less ellipticity than 
estimated by Bullen  (1936),    Other interpretations in terms of 
lateral variation in mantle velocity are also possible. 

Because all of the events and most of the stations whose 
data are used lie in the northern hemisphere,  the description 
of core shape is incomplete and is representative only of re- 
gions of the core surface in the vicinity of the PcP reflection 
points. 

The distribution of data does not permit a conventional 
spherical harmonic analysis of the inferred variation in core 
radius,    A modified spherical harmonic analysis method is de- 
vised to smooth the data and to estimate the shape of the core. 
The variation of core radius determined from this representation 
is approximately ilO kilometers on the basis of terms to degree 
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and order  r).     The standard deviation of the data Is  approxi- 
mately  '^O kilometers,  indicating the presence of variations 
of higher degree  and order, many of which are probably due to 
factors other  than  undulation  of the mantle-core boundary. 
Variations   In  geoid height  resulting  from the inferred vari- 
ations  in  core  radius  do not  correlate with, but  are of the 
same order of magnitude  as,  those determined from satellite 
observations. 

Analysis of a limited number of short-period PcP amplitudes 
shows no significant variation of the PcP amplitude/period 
ratio with epicentral distance and an estimated scatter of data 
on  the same order as that found for P in the distance  range 70° 
to  90°.    The PcP phase is generally shorter In apparent period 
than  the P phase.    This  relationship is  reversed, however,  for 
arrivals  from the Novaya Zemlya event of October 27,  1966, 

The contribution of a hypothetical upper mantle low velocity 
zone of varying thickness  to the amplitude and travel-time 
scatter is demonstrated. 

Philip L.  Jackson, Digital Simulation of Seismic Rays  (PhD Dissertation) 
and  (Supplement  to 8071 Final Report), Rapt.  No.  8071-33-?!, Willow Run 
Laboratories of the Institute of Science and Technology, Geophysics 
Laboratory, The University of Michigan, Ann Arbor, July 1970, 

Simulation cf seismic rays for a spherical earth and a flat 
earth has been achieved in highly complex models.    Travel times 
and approximate amplitudes of seismic waves can be found for 
both two- and three-dimensional models of portions of the earth. 
Hypotheses of complicated and detailed velocity distributions 
within the earth  can be tested by comparing travel times found 
in models with travel times found from actual earthquakes and 
explosions. 

Since ancient  times rays have been constructed to denote the 
direction in which energy is propagating.    As in other scienti- 
fic fields,  the construction of rays to represent propagation 
paths has been a fundamental technique of modern seismology since 
its inception in  the latter part of the 19th century.    In seis- 
mology and other disciplines  ray construction has been applied to 
simplified geometries.    It has been necessary to assume that the 
seismic wave velocity distribution of the earth was  relatively 
uniform and symmetric. 

Recently, however,  the earth has been found to be more complex 
and non-uniform than formerly assumed.    Travel times have been 
extensively measured with more accurate instrument  techniques, 
making historical methods of ray construction Inadequate for 
either visualization of the rays or numerical indication of 

20 

ji.iilt'-. 1- :,*..    -,-/.. at'"3'-"""^ am ...,...J%..'-■ ^ta^j^MH ftaAcLteätoM 
jtäa&äimä&i* rtüHii mma •£ ■ t «Mam 



^M...... .I..M-I.! ll,v.nL.Mj,.mmmmimmmmmmmmmm*'.---.•'*'-'■'' '*'">>■" '■■l- 'wwii.ifwwwiP»'!Bwtiw 

TVUUut Ret* .äafauUvUex 
iNNirn ri: orsciiNci ANniniiNoixx.^' 
UM   INIVIKSII^'Ol  Ml« IIKMN 

expected travel times, A need has thus arisen in seismology 
to test highly heterogeneous models of seismic velocity distri- 
bution. At the same time the development of the modern digital 
computer has provided a means of performing the necessary ray 
constructions and numerical calculations. 

The problem of complicated seismic velocity distributions 
was therefore investigated in terms of the most appropriate use 
of the digital computer.  For this investigation a velocity 
field was set up, and the propagation computations made for 
short segments of rays within this field.  For each segment the 
surrounding parameters of propagation were known, hence changes 
in direction and time of travel could be computed, and newly 
computed segments Joined to those preceding until a complete 
ray Is constructed.  The total travel times are also found by 
adding the travel times of all the joined ray segments.  Essen- 
tially, the nature of propagation was duplicated on the computer, 
in that, at the location of each segment along the path of pro- 
pagation, the initial condition and effect of the surroundings 
determine the succeeding direction of the following segment. 

Both visual and numerical results have shown that this simu- 
lation method can be usefully applied to investigation of seismic 
velocity distributions of portions of the earth of any size or 
complexity.  Computer drawn plots of the entire spherical earth, 
and on vertical cross-sections of the underlying structure across 
California and of typical lithospheric plate boundaries illustrate 
useful applications of this method.  Accuracy is Illustrated by 
calculation of essentially the same travel times for P waves as 
published by the Selsmological Society of America. 

David E. Willis and Robert F, Hand, Seismic Measurements of DIAMOND DUST 
(Supplement to 8071 Final Report), Report No, 8071-33-F3/3620-1-T, 
Willow Run Laboratories of the Institute of Science and Technology, The 
University of Michigan, Ann Arbor, July 1970. 

A small nuclear device detonated in an underground cavity 
was recorded at five close-in sites. Portable stations were 
located to study azlmuthal effects. Strong asymmetries were 
observed in frequency content, amplitude and wave train dura- 
tion. These effects can be explained in part by the variations 
In geology at the recording sites. However, source radiation 
could account for some of the observed anomalies. 
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CIIRONOLOCICAI.  /XNNOTATt;!) UIBLIOCRAPIIY  OF SCIENTIFIC PRESENTATIONS 
I'RF.l'ARKI)  LINDHR  SPONSORSHIP  OF CONTRACT AF49(638)-17'>9 

n.   K.  Willis  and J.  T.  Wilson,  "A Long-Range Reversed Seismic Profile in 
the  Lastern  United States,"  presented at   the  International  Union of 
C.eodesy and Ceophysics,  XlVth General Assembly,  Switzerland, September 
IS  through  October 7,   IQ67. 

A series of underwater high-explosive shots  fired during 
the past   five years have provided data for a reversed seismic 
profile approximately 2000 km in  length.    These shots Include 
the  1962 offshore North Carolina experiment,  the 1965 EC00E 
series,   the CHASE III,  IV, and VII events, and Che Lake 
Superior shots of  1063,   1964,  and 1966.     Close station inter- 
vals were obtained along the profile.    Travel-time curves, 
frequency analyses and attenuation measurements are presented 
for these recordings.    An intermediate crustal layer with a 
velocity of 7.7 km/sec was disclosed on Che norChwesCern por- 
tion of this profile.    Higher Pn velocities and a thicker crust 
was also indicated.    Smaller travel time residuals across the 
Michigan Basin were observed on boch profiles.    The Cravel-Cinc 
data Indicated a possible mountain rooC syscem under Che 
Appalachians.    Contoured particle-velocity maps made from Che 
spectral data disclosed amplitude anomalies ChaC could be cor- 
related with conditions in the source region.    These results 
aid  in  the  interpolation of  the attenuation data. 

C.  C.  Rufe and D.  E. Willis, "Seismic Radladon from SHOAL," prossncsd 
at  the 64th Annual Meeting of the Seismological Society of America, 
Tuscon, Arizona, April   11-13,  1968. 

Travel  times and particle velocities have been examined for 
distances to 1600 km and for widely discributed aximuChs for 
the SHOAL event.    A composite curve of raw cravel-Cime daCa re- 
affirms the anomalously low Pn velocicies previously observed 
in the Has in and Range province and yields a crusCal Chlcknass 
of about 26 km.    Particle velocities were measured for 3 sees 
of   \ stations each at distances of 2S0, 320, and approximatciy 
IKK) km.    The particle velocity spectra vary widely from sice 
to site and generally refUcC characCcristics of the speccra 
of the seismic background nr each site. 
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David V., UllliH, "Seismic Noiiic on th« Bottom of Lake Superior," prfwe»it><l 
at the 49th Annual Meeting of the American Geophysical Union, Uawhlnt;ton, 
1).   C., April  8-11,   1968. 

A HcrioH of Beiamic hackground nclae meoaurenents were natle 
on the bottom of Lake Superior durint; June-AuituHt  1967.    Th« 
mcaHurementH were made at  the «It© of the 1966 Lake Superior 
(thut point in approximately 575 feet of water,    two inatrunent 
packages that were obtained on loan from the fniverslty of 
California were used for these measurements.    Each was equip- 
ped with three-component, short-period seis^jmeters, a magnecie 
tape recorder, and an accurate chronometet.    tin« free-fall drop 
and three tethered drops were mad«.    Approximately ten days of 
oontlauoua recordings were obtained for each of thro« »Im« 
periods, the loat of which included a t«th«r«d unit and a froc- 
fall unit.    Th« background nois« was found to b« quit« high, 
averaging in th« vicinity of 100 mu at 1 cps.    Long periods 
laating up to savaral days of «xtreMly high background nols« 
w«r« notod.    Th«s« psrlods could b« corr«l«t«d with wove 
action and ■et«orologlcal conditions«    At tholr peaks, ground 
dlsplacomants of th« ord«r of 1000 mu w«r« obacrwd.   Several 
«arthquakas war« recorded during thla porlod aa wall as many 
quarry ehote.   Spactral analyaas of th«s« events are co*-related 
with data obtalnad from a «tatIon of«rat«d nearby on land« 
Qraparlaone of algnal-to-nolae ratio« arc also pr«a«at«d« 

Philip L. Jackson, "TWo- and 1hr««-01a«nalonal Ray tracing, trawl flaie, 
and Amplitude Cempucatlon,** pr«ae«it«d at th« Mtth Amnaal MMIKII^ of th« 
Salanologlcal Society of Anerlea, Tueeon, Arlaocs, Afril li-11. If**. 

8«iaiilc rrya can b« traced through velocity and d«<Mity 
atructuraa of any d«gr«« of Inltoweg—lty,   A digital eo» 
put«r 1« uacd to trace and graphically to prescttt the ray«, 
and to compute th« travel time« and «plltwl«« of thoe« 
«merging at th« aurfac«.   Th« niMb«r of nultlpl« refl«€tlens 
can b« •«l«ct«d or can b« llniltvd by a mlalnifli anplitai« upon 
rafUctlon«   A aampllng of th« atrmctur« on two- «r thr««- 
dlmenaleoal grid« oomprla«« th« data for th« ray tracing.   A« 
th« data can b« "patchad** together and the continuation of 
ray« traead ^ rough «ach data "patch," only a «Mil awomin of 
c«put«r M«ory la r«qulr«dt ttNts, datail I« not llaitedl by 
etaputer memory.   CAlcoap plot« of ray tracoa threugli ««votal 
repreaentatlve velocity «tructures have b««n mad«,    IncluJcd 
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A ««««ii^win« «WwlwpiNMii «f r^ «imilMlM Itf 4lg||«l 
»'«wp^ivt SKWI f»«««!«»! I» itljiKilt M€mvM* irüwl IIMM 

1iv»»'i"««f!« »«iifil^l   ^»(«»«fllV  flvlil«,     **l«i«|«   9^Nt «9« \fmn4 
"••♦ 4»r*°«ci «i«Niil4ll«Mi.    «4?« «tv Mff«|M^il«^r l%rtmi|ili « 
f«>*tt»<«««»««lg«»S «*f  «I «vl«f|lf  rirl^l «Mill« lc«r«il«M m% 
•.■^#fi3*»  9*r.     IK»« «ttafllf tlvl«! Mil •# llmllMlMi M !• 
»■'i*«^«ii»(w8ii«r« «*f »Uf**, «M €4ii !«• r»f«rMMt<i Iw « 
^«iVAMtlN«!   f«M€ll«« *«f   ll« fHP«ltl4Wi  «iMi !*•  »«f# I? 4 
iw ...*t   ^fi^xJlfHtAttiMUll IMlrl« ^»rfMf«Mll«i I« in« 
i*,..««j««**t m  H'   iMdilip  ffftM « IJ#.»# With MiNWfMMII  (fW^W» 
««li^.   ^i*9iig»l# fvtlttti&m mtm pntmmf4 Immm l«i«r» 
t*tw* vii^ |ir«M^i«min#(l «vlMit» Mttowmum*   A ftm •w 
«^flMM vM4h *.m IM »Hflf 1«^MNI with p»!«! «f iw4»i •«•#«««• 
491   iVfw»* #f f plMMl«>« ^ul«» NMMI lf«f*J mi plM« iHMV INNM 
«it«»« ü-f ^«^r^i^t. *^f <em-m4 v+fVk Ik» irawvl IIMM 
*pf«p 14» tft««« «*f i»« l«fe« «*i«Mlctl«.tl fiklM f«r f 
ttfavm **it*8  si IK« «»iMlIf «llstrlNmM «pM «Al** in» I9M 

»HI w ♦■'■«*.« i« AI4III«MI I« WVIMI #r iiw pwpmn— 9t 
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|%«  J|r*^«r,  %v«|^« «r  !*♦ i#l«W»l(M|IC«t SWlClf #t «Mwrl««, i^IWi, 
«".««iff«»»* 8*,  If Hi   l*?fl, 

«|ir«lf<i &* *' M4 * fi%«t«t #f WitfffWftiiyMtoi «I hyp—M 
st«; <«l*S4iu«* B«*« iMi 1% im «f« pfMMHit«! tor a Miicr «f 
«#I«%8^«ISV AtllW  9««I«M«     1kp««lMl  fMlM «f ■»Ml« •# (lit» 
♦^■^,^1 ^«^pii^Jv %** •imlimt im m**mim mi pfMMMtlM f«lli 
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IMififlMM «ttlMf MNtMII«," i«f ffVMtttMlM «I  •»• «ÄAliÄA «MMMl 
IWtlflt 19 I« i»li •• illWWt«, ItiWiKf   11-14,   Iff«). 
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•lAtlAM«     flW MAMMA tlMMBtf WlfMH «f IM fVMfAlftA 
AftiMV «llMM tl« AttMilM »f lM«l MMI« IIMM MMMMA 
%l# ffMMMf AMffiT *»l** M^CA M kl# M «« Hi.    MM* 
«IMlM A pMMMMA AIM»«! «ffMl  I« tIM M«MfMM «f 
«MM klgl f MfMMf MMU 

MVIA t« ttllll«, "AAlMlllAl 
f»r tIMMIMIM At isw mum* 

11-14,  lAW. 

riM AfcMfMA AfMftA a l^ilM i««tc«t* 
HMflM I« I* MIA la WilwMfcM, 

UNI fAapllfllM LAMffMMf 
AfCMtcA flM Mart-M»^ 
laa-ylcIA MAtttMMi 
Slta«   fM MM WM flMA la 

tUlMfalty af HICIIIAM 
atMlaM la McarA a 

flMA M tfca MaMia tAai 
alt*flllaA CMltf la IMI 

IS 



7üM<m %UH 4at*t€U*'UcjL, 
IN>IIM II IM M II V |   »NU Ml ll\«t|iN.\ 
Uli  I M\IM«II\ IM MM llll.«\ 

tin'   li'.is ih i 1 i tv nf  thenno-mi'flianlcal   toclintques  for <le- 
umpliin; st-ismic enori»v.     Four stations were located at 
.ipprnxiinatflv  .,,r) km to study  the a^imuthal  effect,     Tlu' 
tiftli st.it ion was   liuatfd at  ♦>, IA km to provide attenua- 
tion  ilat.i.     Strong asymmetries were observed in  frequency 
content,  amplitude and wave train duration.     The complicA- 
u-il   local   KeoloHV could explain,  in part,  the ohoerved 
anomalies.    However, at   the present   time, some source  radi- 
ation effects cannot lie discounted. 
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A atv nMflnd of alnMiatiaf otlaaUe raya, eoaipailag traval tlaMat aad appcwiawtlag aa^Utadta la «artk 
»la has tawa dtvolofwd. Tht difllal coa^aiar la aaad la andal a apharlcal or a flat aartb. IVo-ortbroo 

dlawaaloaal models aro omployfd. Tha nMihod caa bo aood for hatoroftaooaa andolat aad laaladta coa^piailor. 
af atalilplo rofloctiooa. Trarol ttawa fcata booa oblalaad far a awdal af a ereaa aactlaa aadartylaj LAIA. 

la INT ibo invoatiicaiion of optical proeaaalag «aa taraUaatad. bdllaiad la IM1, tba bwaallRailaa «aa eoa- 
daettd to oaploro tho applieaikm of ooharaai optical proeaaalag la aalaaUe aaalyala. Ila aaa «aa foaad to 11a 
prlaMrlly la oil nplorailoa solsmology. 

A dua procossia« capability spoclfleally lataadad for tba atady.of tba t-«avo partlela varlatloaa aeroaa 
LASA was built on this eoniract. Tht LAIA dau procoaaor, which «Isiod la tbla laboratory for tha optical 
analyses uf LAdA data, waa modiried to latorfaca wtth tbla laboratory's PDP-t coa^aiar. Tbla dMa proeaaalag 
capabllUy was n i used doe to faadlag llmltatloaa. 

Mlcrosrismic investleatlons In connectloa with JORUM ladleated that tha firing of a terga yield aadergrouw! 
shot itd boi itrodw:« *ny mvasurable tectonic release «a energy in aenre taalt regiona at a dlstaaee of 60 to 100 
hm from ihr «nurce. S^lvmic measurements of DtAKOi^O DUST Indicated decoapllag was Achieved but the ac- 
curate determination of the efficiency of the decoapllag will have to be deteraUaad by addltloaal teata. A pro- 
nounced asymmetry in seismic wave characterlatlca waa obaarved. 

Travel time studies of PcP and P were used to determine the surface configuration of a portion of tha 
earth's core. An extensive study was made oa the atteauatloa aad travel tlmea of seismic waves la the Eaatorn 
United States. Thmretiral studies were made to determine the acatterlng effoeta of plaaa elaatlc waves by sur- 
face imprrfret ion» and to determine the s nirces of error In tha time*term method In refractloa seismology. 

Spectral siudim were made of underground nuclear shots aad earthqunbea recorded at teleseismic, re- 
gional and war dmtance». An additional study was made of the characterlatlca of aelamlc background noise re* 
cord»'«! nn fh" trnttuni cif |..i>;g SOiivrior. ^^^__^^_^__^^_ 
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